Metallic single wall carbon nanotube devices were characterized using low temperature transport measurements to study how the growth conditions affect defect formation in carbon nanotubes. Suspended carbon nanotube devices were grown in situ by a molecular beam growth method on a pair of catalyst islands located on opposing Au electrodes fabricated by electron beam lithography. The authors present experimental evidence that defect formation in carbon nanotubes, in addition to the well known growth temperature dependence, is also affected by the nature and the composition of the carbon growth gases.
The intriguing electrical properties of carbon nanotubes ͑CNTs͒ stemming from their unique structure make them a promising candidate for nanometer scale electronic devices. For instance, field effect transistors ͑FETs͒ made of semiconducting single wall carbon nanotubes ͑SWCNTs͒ have demonstrated device properties surpassing those of state-ofthe-art metal-oxide-semiconductor FETs. [1] [2] [3] However, the application of CNTs as active elements in electronics also requires that the devices be reliably fabricated at predetermined locations on a substrate. A number of groups have fabricated CNT devices by in situ growth of CNTs electrically contacting opposing electrodes. [4] [5] [6] [7] [8] However, little work has been done on the control of the defects in in situ fabricated SWCNT devices, even though the defect-induced disorder may significantly affect the electronic properties of SWCNTs. 9, 10 In this letter, we present a method that enables batch fabrication of SWCNT devices by directly growing individual SWCNTs on prefabricated Au electrodes, using a molecular beam. 11 We demonstrate that the defect level in the SWCNTs can be controlled during growth as characterized by low temperature transport measurements.
The CNT devices were fabricated on degenerately doped 4 in. Si wafers with 500 nm of thermal SiO 2 as schematically illustrated in Fig. 1͑a͒ . The electrodes were defined using electron beam lithography ͑EBL͒ followed by electrongun assisted deposition of a 5 nm Ti adhesion layer and 200 nm of Au. Small catalyst islands consisting of 10 nm of Al and 1 nm of Fe were fabricated on top of the Au electrodes using a second EBL step and subsequent metal deposition. The substrate was heated to a temperature in a range from 650 to 825°C in a vacuum chamber evacuated by a turbomolecular pump. During pregrowth heating, the Al layer melts and forms small clusters, which react with residual water in the chamber to form thermally and chemically stable Al 2 O 3 clusters providing support for small particles of Fe 2 O 3 that catalyze the growth of SWCNTs. SWCNTs are grown by a molecular beam, consisting of a mixture of 0%-5% acetylene, 0%-10% methane, 10%-11% hydrogen, and the balance inert gas ͑helium or argon͒, generated by a high-pressure gas expansion through a 100 m diameter nozzle orifice. 11 The gas molecules in the beam impinge on the heated substrate and SWCNTs grow by heterogeneous surface reactions. The flux of carbon containing molecules was typically in the 10 16 molecule/ cm 2 range.
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In our CNT devices, individual SWCNTs are routinely found to bridge the opposing electrodes. Figure 1͑b͒ depicts a typical example of a suspended individual SWCNT electrically contacting two Au electrodes separated by 500 nm. To determine the diameter distribution of the SWCNTs, we performed atomic force microscopy measurements on substratesupported SWCNTs grown under identical conditions as the suspended ones, and found that the diameters of the vast majority of the SWCNTs were in the 1 -2 nm range, indicating individual SWCNTs. Electrical transport measurements were conducted on the as-grown samples in a temperature range from room temperature ͑RT͒ to 300 mK using the degenerately doped substrate as a back gate. Both metallic and semiconducting nanotubes were observed based on the gate dependence of the conductance at RT. In this letter, we focus only on metallic SWCNTs, since metallic tubes are relatively insensitive to long range disorder. 10 and low defect metallic SWCNTs show similar linear I-V dependence and are indistinguishable at RT, they exhibit substantially different characteristics at low temperatures. Figure 2 shows the transport data measured on a SWCNT device grown at 650°C using 5% acetylene as the only carbon source. The I-V curve of this device is linear at RT, and the resistance is around 400 k⍀. The linear I-V and the lack of gate dependence in RT conductance are characteristics of metallic SWCNTs. However, with decreasing temperature, a near-zero conductance gap of −50Ͻ V ds Ͻ 50 mV emerges, that is almost an order of magnitude larger than that expected for the Coulomb blockade ͑CB͒ effect for a single quantum dot ͑QD͒. 12 The conductance ͑I / V ds ͒ of the device measured at V ds = 40 mV and T = 300 mK exhibits irregular oscillations, as opposed to regular CB peaks commonly observed in single QD. To determine the origin as well as the energy scale of these irregular oscillations, differential conductance ͑dI / dV ds ͒ as a function of V g and V ds was measured on the same device at 300 mK by applying a dc+ ac voltage, V = V ds + V ac ͑with V ac = 0.5 mV at f = 171 Hz͒, and the results are shown in Fig.  2͑c͒ . The CB "diamonds" in Fig. 2͑c͒ are highly irregular and do not close, leaving a near-zero conductance region for V ds Ͻ 50 mV, in contrast to regular closed CB diamonds expected in single QDs. 12, 13 In addition, the single electron charging energy extracted from Fig. 2͑c͒ is approximately 100 meV, almost an order of magnitude larger than that of a SWCNT QD with the same length ͑ϳ500 nm͒, indicating that the device in Fig. 2͑c͒ acts like multiple ͑approximately ten͒ QDs connected in series. 10 Similar transport behavior was exhibited by all devices grown with acetylene.
In contrast, SWCNTs grown at 825°C with the addition of 7% methane to the 5% acetylene mixture are nearly defect-free, showing regular CB peaks in all five metallic devices measured. The examples shown in Fig. 3 correspond to devices with ϳ500 nm long SWCNTs between the electrodes. The device in Fig. 3͑a͒ displays four-peak structures corresponding to "shell filling" of longitudinally quantized states in the SWCNT, 12 indicating that the SWCNT in this device is nearly defect-free. In the second example, Coulomb peaks are overall equally spaced in gate voltage V g as shown in Fig. 3͑b͒ . However, each peak also clearly splits into two peaks with a constant separation. Similar behavior has been observed in GaAs/ Al x Ga 1−x based double QD systems, where the splitting of the otherwise equally spaced peaks is attributed to interdot tunneling between two QDs with equal gate capacitance.
14, 15 Mason et al. recently reported the observation of double QDs in their CNT devices fabricated using a different method. 16 In our case, the double QD is most likely created by a defect near the middle of the device breaking the SWCNT between the electrodes into two weakly coupled dots of nearly equal length. The transport spectroscopy of the device shown in Fig. 3͑c͒ exhibits periodic CB diamonds with a single electron charging energy of E c ϳ 18 meV, approximately twice that of a single QD with the same length scale and configuration, further demonstrating that the two quantum dots are nearly identical and thus have the same periodicity in both V ds and V g .
The range of growth parameters explored in this study along with the number of samples characterized by low temperature transport measurements are summarized in Table I . Gas mixtures containing acetylene alone as the carbon source molecule easily produced SWCNT bridging the electrodes. In contrast, a gas mixture containing methane alone produced no CNTs likely because of the low carbon yield of methane. However, the SWCNTs grown using acetylene contained defects that could not be eliminated by increasing the growth temperature. The most notable result of this study is that the addition of methane to the acetylene gas mixture consistently produced low defect or nearly defect-free SWCNTs, but only at high growth temperatures. The observation that the nature ͑and the composition͒ of carbon containing source molecules affects defect formation in SWCNTs suggests that the molecular structure of carbon containing molecules plays a specific role in the formation of carbon networks. We speculate that the presence of C-C bonds in acetylene facilitates efficient nucleation of the SWCNTs, 11 and methane by addition of single carbon atom fragments helps to heal defects in the SWCNTs.
In summary, we have developed a method to fabricate SWCNT devices by using e-beam lithography to pattern catalyst islands on Au electrodes, followed by molecular beam induced growth of SWCNTs electrically contacting opposing electrodes. Electrical transport and transport spectroscopy measurements are used to study the defect related transport behavior of as-grown SWCNTs, revealing multiple dots in series and single quantum dot or double dots in high and low defect SWCNTs, respectively. We presented experimental evidence that the presence of defects in as-grown SWCNTs depends not just on the substrate temperature but also on the nature and the composition of the feedstock gas mixture. 
